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Introduction

35
The yeast Saccharomyces cerevisiae is a common expression host for the production of high value 36 compounds, such as biopharmaceutical proteins and biofuels. The use of this yeast as an expression 37 platform is favorable on account of the vast amount of scientific data available from single components 38 to cellular level, combined with an intrinsic ease of manipulation and cultivation (Mattanovich et al., 39 2014). Often, it has been observed that recombinant protein production in microbial hosts induces 40 significant changes to the host cell. The nature of these changes has been studied extensively, as they However, a more general change that recombinant protein productions induces, is a significant 49 metabolic burden on the host cell. This is the result of a redirection of resources from regular cellular 50 activities towards the needs created by recombinant protein production (Glick, 1995) . For S. cerevisiae 51 this was shown to lead to a reduction in the maximum specific growth rate, a decreased biomass yield, 52 and a lower respiratory capacity (Glick, 1995 protein production is induced, it is to be expected that a shift in the direction of cellular resources to 55 accommodate elevated protein production also alters the levels of intracellular metabolites. However, 56 analysis of the effects of the induced metabolic burden has been mostly related to parameters like 57 growth rate, biomass yield, and carbon source consumption or by-product excretion (Görgens et Here, we studied the metabolic response of S. cerevisiae to production of recombinant human antibody 68 variants. We overexpressed a scFv fragment, a scFv-Fc fusion protein, and a full IgG molecule in the 69 yeast laboratory wild-type strain SS328 and measured 76 intracellular metabolites by using a high-70 throughput targeted (semi) quantitative mass spectrometry based metabolomics approach. The changes 71 in metabolite levels from the three recombinant strains were compared to the wild-type and analyzed 72 based on their specific roles in metabolic pathways together with changes in metabolic pathway 73 activities found using a pathway activity profiling method. Our results demonstrate that significant 74 differences in metabolite profiles were induced by recombinant protein production in the recombinant 75 strains when compared with the wild-type strain, which to some degree can be ascribed to the induction 76 of unfolded protein response.
77
Methods and Materials
79
All media components and reagents were obtained from Sigma-Aldrich (Helsinki, Finland), unless 80 stated otherwise. Yeast nitrogen base without amino acids (YNB) was obtained from BD (Vantaa,
81
Finland).
82
Strain generation
83
All S. cerevisiae strains used in this study were derived from the parental strain SS328 (ATCC® 84 MYA193™) and are listed in Table 1 . The lithium acetate method was used for yeast transformations.
85
The sequences encoding the variable heavy (VH) and light (VL) domains were derived from the 
90
Generation of the scFv-Fc fusion is based on the cloning strategy described earlier (Powers et al., 91 2001). All proteins fused to the Matα prepropeptide were expressed under control of the GAL1 92 promoter and CYC1 terminator from low copy number plasmids.
93
An unfolded protein response reporter was generated based on a construct published earlier ( (Kahm et al., 2010) , and the characteristic growth parameters were extracted from the 105 best model fit. The experiment was conducted with four culture replicates.
106
The strains comprising the antibody variant expression construct and the UPR reporter were grown in 107 identical conditions as described above. GFP expression was monitored using the appropriate filter set 108 in Eon Microplate Spectrophotometer (BioTek, Winooski, USA).
109
Shake flask cultivation
110
Yeast cells were inoculated into precultures of 5 mL minimal medium. These overnight cultures were 111 used to seed 30 mL of the main cultures at a starting OD600=0.2. After 6 hours of cultivation at 30 °C 112 and 180 rpm, a 40% galactose solution was added to a final concentration of 4 % to induce protein 113 expression.
114
Cell collection for Western blotting
115
The cultures for analysis of protein expression were harvested after 18 hours of expression. A culture 
Collection and preparation of samples for metabolite analysis
133
The cultures for metabolome analysis were harvested in the late exponential phase (OD600 ≈ 2.2).Seven 
Metabolomics data analysis
164
Metabolomics data analysis was carried out using a web-based comprehensive metabolomics data 
PAPi analysis
183
Pathway activity profiling (PAPi) algorithm is described by (Aggio et al., 2010) , and the analysis was in the analysis and the wild-type sample was assigned as the reference condition. ANOVA-test was 187 used to detect differentially regulated pathways, for which the activity scores were calculated.
188
Results
190
Recombinant protein expression reduced maximum growth rate and prolonged the lag phase 191 The S. cerevisiae laboratory wild-type (WT) strain SS328 was used as parental strain for all antibody (Table 2) . However, when protein production was induced 205 by the addition of galactose at the beginning of the cultivation, all three recombinant strains displayed a 206 longer lag phase compared to the WT ( Figure 1B) . Additionally, the maximal growth rates of the 207 strains were decreased compared with WT and this decrease became more accentuated with an increase 208 of complexity and size of the produced protein (Table 2) . For the largest protein expressed, the full-209 length IgG, the growth rate of the strain was only half of the control strain. shown in Figure 3B for the scFv strain, Figure 3C for the Fusion strain, and Figure 3D and alanine ,which were present at higher concentrations.
298
UPR is activated in antibody expressing strains
299
The relatively low amounts of antibody variants produced by these strains probably can account 300 directly neither for all of the metabolic changes nor for the effects on growth. Therefore, we have 301 explored other sources for this additional metabolic burden. One of the major cellular reactions that can 302 be triggered by the overexpression of proteins is the UPR. and Fusion compared to WT, respectively. This indicates that the production of the antibody fragments 374 imposes a burden on the ER redox balance.
375
A second metabolite that indicated oxidative stress and disturbances in redox-pathways was GABA, as 376 the measured concentration of this metabolite was significantly lower in the recombinant strains and 377 decreased more with an increased size of the expressed protein, with a 3.55-fold decrease for the scFv, 378 4.42-fold for the Fusion, and 4.84-fold for the IgG strain. Moreover, GABA was one of the determining 379 metabolites contributing to difference among the strains, as can be seen from the VIP plots (Figure 3) .
380
GABA was shown to play an important role in oxidative stress tolerances as revealed in a study 381 characterizing the enzyme glutamate decarboxylase, which converts glutamate to GABA (Coleman et 382 al., 2001 ). In the same study, it was shown that an increased presence of glutamate decarboxylase can 383 act as a buffer for redox changes in the cell through a downstream conversion from GABA to 384 succinate. In our data, succinate was shown to be present at up to 4-fold higher levels in the 385 recombinant strains. As redox metabolism seems to be a key difference between recombinant strains 386 and WT in our metabolite analysis, it is a possible target for strain improvement. It could be helpful to 
Induction of UPR contributes to the overall metabolic burden on the yeast cells
391
The data from the growth and metabolomics analysis showed that the induction of recombinant 392 antibody variants clearly had a large effect on the host cell. However, it has to be kept in mind that for 393 the production of rather complex recombinant proteins the amount of protein produced is rather low 394 compared to the total cellular protein produced, totaling often less than 1% of the total protein 
401
The results from our UPR induction experiments (Figure 7 ) indicated that in all three recombinant 402 strains the burden of the protein expression is high enough to activate the UPR. Unintuitively, the UPR- Table 1 : An overview of Saccharomyces cerevisiae strains used in this study. non-paired and with unequal variance between the experimental conditions.
533
Figure Legends 
